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Abstract
A feedback between seagrass presence, suspended sediment and benthic light can induce bistability
between two ecosystem states: one where the presence of seagrass reduces suspended sediment concentra-
tions to increase benthic light availability thereby favoring growth, and another where seagrass absence
increases turbidity thereby reducing growth. This literature review identifies (1) how the environmental and
seagrass meadow characteristics influence the strength and direction (stabilizing or destabilizing) of the
seagrass-sediment-light feedback, and (2) how this feedback has been incorporated in ecosystem models pro-
posed to support environmental decision making. Large, dense seagrass meadows in shallow subtidal, non-
eutrophic systems, growing in sediments of mixed grain size and subject to higher velocity flows, have the
greatest potential to generate bistability via the seagrass-sediment-light feedback. Conversely, seagrass mead-
ows of low density, area and height can enhance turbulent flows that interact with the seabed, causing water
clarity to decline. Using a published field experiment as a case study, we show that the seagrass-sediment-
light feedback can induce bistability only if the suspended sediment has sufficient light attenuation proper-
ties. The seagrass-sediment-light feedback has been considered in very few ecosystem models. These models
have the potential to identify areas where bistability occurs, which is information that can assist in spatial
prioritization of conservation and restoration efforts. In areas where seagrass is present and bistability is pre-
dicted, recovery may be difficult once this seagrass is lost. Conversely, bare areas where seagrass presence is
predicted (without bistability) may be better targets for seagrass restoration than bare areas where bistability
is predicted.
Seagrass meadows form the basis of many estuarine and
coastal ecosystems (Barbier et al. 2011). Worldwide, these
meadows have suffered 30% areal losses due to human
activities (Waycott et al. 2009), and 14% of seagrass species
are at elevated risk of extinction (Short et al. 2011). Sea-
grasses provide numerous important ecosystem services,
including nursery habitat for fish (Bertelli and Unsworth
2014), nutrient cycling (Human et al. 2015), and carbon
storage (Fourqurean et al. 2012), all of which contribute to
human well-being (Cullen-Unsworth et al. 2014). Thus, the
loss of seagrass meadows needs to be addressed by immedi-
ate conservation (Orth et al. 2006) and restoration efforts
worldwide (van Katwijk et al. 2009), to protect and recover
the services that seagrass provide (McGlathery et al. 2012;
Blandon and zu Ermgassen 2014; Marba et al. 2015).
Seagrasses are often described as “ecosystem engineers,”
because their presence modifies the environment in several
ways that also promote seagrass survival (Gutierrez et al.
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2011). Seagrasses remove nutrients from the water column
(McGlathery et al. 2007); if seagrass is absent these nutrients
would otherwise stimulate algal overgrowth (Burkholder
et al. 2007). Seagrasses provide oxygen to the sediment
through their below-ground tissues (Pedersen et al. 2004),
which re-oxidises sediment sulphide that would otherwise
invade seagrass tissues and act as a phytotoxin (Borum et al.
2005). Seagrasses can also modify sediment transport
between the seabed and the water column to reduce water
turbidity and increase the light available for seagrass growth
(de Boer 2007); in this article we refer to this process as the
seagrass-sediment-light (SSL) feedback.
When seagrass is lost, the simultaneous loss of ecosystem
engineering benefits may hinder its recovery. For example,
significant seagrass losses in the Dutch Wadden Sea (den
Hartog and Polderman 1975) have not been reversed despite
decades of research and management effort (van Katwijk
et al. 2009). The turbidity of the water has increased (Giesen
et al. 1990), and thus the SSL feedback is thought to be a
major barrier to seagrass restoration in the Dutch Wadden
Sea (van der Heide et al. 2007). Several modelling studies
suggest that the SSL feedback can induce bistability (van der
Heide et al. 2007; Carr et al. 2010); i.e., a habitat which can
support seagrass in either one of two alternative states—
vegetated (low turbidity) or unvegetated (high turbidity)—
and through this feedback there is resistance to change
between the two states. There is also substantial evidence
that a similar feedback between macrophyte abundance and
turbidity contributes to alternative stable states in shallow
lakes (Scheffer 1998).
In other seagrass ecosystems, however, the SSL feedback
may not induce bistability. Seagrass was successfully restored
with seeds in the coastal bays of the Virginia Coastal Reserve
after 60 yr of local extinction (McGlathery et al. 2012). This
successful restoration demonstrated that the increased tur-
bidity following seagrass loss was not the primary reason for
its inability to recover (Orth and McGlathery 2012).
Identification of locations where the SSL feedback may
cause bistability is important for coastal management
(Nystr€om et al. 2012), because at these locations seagrass
may be resistant to loss when present, but difficult to recover
once lost (van der Heide et al. 2007). First, monitoring data
is required to identify the current health of a seagrass ecosys-
tem (Dennison et al. 1993). Second, the extent to which
feedback-induced bistability can be characterized depends on
the available datasets and modelling tools (Maxwell et al.
2015). Efforts to conserve or restore seagrass will always be
limited by available resources (cost, time, and personnel). In
some cases, management decisions may rely on monitoring
data only; in other cases, sophisticated modelling efforts
may be available to aid in management decision making
(Kelly et al. 2013).
The objective of this article is to provide a knowledge
framework for how to identify the locations where the SSL
feedback may cause bistability between seagrass presence
and absence states. We first synthesized the experimental lit-
erature to identify the environmental and seagrass meadow
characteristics which affect this feedback. As part of this syn-
thesis, we quantitatively investigated the potential for bist-
ability to arise from the SSL feedback using published field
data. We then reviewed the consideration of SSL interactions
in published mathematical models, especially focusing on
two- and three-dimensional ecosystem model suites that are
proposed to provide environmental decision support. Over-
all, this article acts as a guide for characterizing the bistabil-
ity induced by the SSL feedback, which is an important step
toward the consideration of this feedback in the manage-
ment of seagrass ecosystems.
Overview of the seagrass-sediment-light feedback
The simplest conceptual form of the SSL feedback is given
by the seven linked processes shown in Fig. 1. Suspended
sediment present in the water column attenuates sunlight
(Kirk 1985; Lawson 2004) and subsequently reduces the light
available for seagrass (Fig. 1, process (i)). Light is a key
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Fig. 1. Simplest conceptual model of the SSL feedback, consisting of
seven linked processes. Positive and negative causal links are indicated
with plus (1) and minus signs (2), respectively. For example, in process
(i) an increase in suspended sediment will cause a decrease in light at
the canopy (negative causal link); in process (ii) an increase in light at
the canopy will cause an increase in seagrass presence (positive causal
link) (adapted from van der Heide et al. 2007).
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requirement for seagrass growth (Dennison 1987; Duarte
1991) and hence seagrass can only be present when there is
sufficient light reaching the canopy (process (ii)). Seagrass
presence typically induces local reductions in both near-bed
current velocities (process (iii)) and wave velocities (process
(iv)) (Hansen and Reidenbach 2012). These hydrodynamic
interactions are complex and can exert a major influence on
the SSL feedback; we will later discuss these significant inter-
actions in detail. The reduction of flow velocities changes
the balance between sediment deposition and erosion at the
seabed, tending to favor more depositional conditions (proc-
esses (v) and (vi)) (Gacia et al. 1999; Gacia and Duarte 2001),
which in turn reduces suspended sediment concentrations
(process (vii)) (Ward et al. 1984). These seven processes
together can form a feedback loop in which the presence of
seagrass has the potential to enhance its growth, by reducing
suspended sediment and increasing light availability at the
canopy (de Boer 2007).
To quantitatively demonstrate that the SSL feedback loop
can lead to bistability between seagrass presence and absence
states, we later show, in the section “Case study: quantitative
evidence that the SSL feedback has the potential to induce
bistability,” that seagrass can substantially increase the light
available for its growth, using results from a field study of a
seagrass meadow growing in a shallow coastal bay (Hansen
and Reidenbach 2012) and some additional calculations. In
this example, we predict that bare seabed areas at the depth
of the meadow (1.4–1.8 m) receive 4–8% surface light, which
is below the typical minimum light requirements (MLR) for
seagrass of 11% surface light (Duarte 1991), if the suspended
sediment is characterized by a specific light attenuation coef-
ficient of aTSS50.026 m
21/(mg L21) (Armengol et al. 2003).
In contrast, for the same sediment type and depth range,
seagrass areas are predicted to receive 12–20% surface light
due to the improvement of water clarity that seagrass pro-
vides, clearly exceeding their MLR for growth. Thus the SSL
feedback loop can lead to bistability between seagrass pres-
ence and absence states. However, if the suspended sediment
has substantially lower or greater light attenuation properties
(i.e., much smaller or larger value of aTSS), we predict that
the light conditions at the seabed are either sufficient or
insufficient to support seagrass growth (respectively), regard-
less of the action of the SSL feedback. Hence, in the consid-
ered example (Hansen and Reidenbach 2012) the SSL
feedback may be necessary for persistence of the seagrass
meadow, but only if the local suspended sediment has par-
ticular light attenuation characteristics. This example dem-
onstrates the major influence that local environmental
conditions exert on whether the SSL feedback will be impor-
tant in a given ecosystem or not.
The seven processes shown in Fig. 1, which form the SSL
feedback loop, will be modified by the local ecosystem’s
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Fig. 2. Impact of eutrophication on the SSL feedback. Suspended sediments increase the light attenuation coefficient by (DKd)TSS, and this either (a)
substantially affects total light attenuation when there are low concentrations of Chl a and CDOM present (represented by low (Kd)0), or (b) negligibly
affects total light attenuation due to the high concentrations of these other water constituents (high (Kd)0).
Adams et al. The seagrass-sediment-light feedback
3
environmental characteristics (e.g., wave and current speed,
sediment properties, seagrass morphology). In the following
subsections, we account for this complexity by summarizing
the current knowledge of the effects of environmental and
meadow characteristics on the SSL feedback.
Suspended sediment reduces light availability
For subtidal seagrasses, light availability at the seagrass
canopy I is reduced from the light at the water surface I0.
This reduction depends on the light attenuation coefficient
Kd (m
21) and depth of the water column H (m) according to
Beer’s law (Kirk 1985),
I5I0exp 2KdHð Þ: (1)
Total attenuation Kd of light through the water column can
be expressed as a summation of contributions from the dif-
ferent constituents present in the water column (Gallegos
1994). For example, if total suspended solids (TSS), chloro-
phyll a and colored dissolved organic matter (CDOM) are
present, an empirical definition for Kd such as Kd5ðKdÞwater1
aTSS½TSS1aChl a½Chl a1aCDOM½CDOM is often assumed,
where (Kd)water is the light attenuation due to water, aTSS,
aChl a, aCDOM are specific attenuation coefficients and [TSS],
[Chl a], [CDOM] are concentrations of TSS, Chl a and
CDOM, respectively (Lawson et al. 2007). The light attenua-
tion coefficient also varies with water depth; for example,
resuspended sediment can produce near-bottom Kd values
that are 1.6 to>30 times larger than values of Kd measured
higher in the water column (Pedersen et al. 2012). However,
for the SSL feedback, it is the changes in turbidity over the
whole water column which are most relevant as it includes
the entire path length of light from the water surface to the
seagrass canopy.
Because the attenuation coefficient Kd depends on fac-
tors other than TSS concentration (e.g., Chl a and CDOM),
the relative difference in light at the seagrass canopy due to
variation of TSS depends also on the concentration of these
other factors. We may distinguish, for example, between
sediment-dominated and eutrophication-dominated sys-
tems. In a sediment-dominated system (Fig. 2a), the con-
centrations of Chl a and CDOM are low, so variations in
TSS have a major impact on the attenuation coefficient and
thus the light reaching the seagrass canopy. In an
eutrophication-dominated system (Fig. 2b), high concentra-
tions of Chl a or CDOM are the major contributors to light
attenuation, and variation in TSS is unlikely to significantly
alter Kd.
The SSL feedback may also be less important in intertidal
zones, because the seagrasses present there are not always
submerged. Erosion can be greater in intertidal zones due to
the increased wave action present at shallow depths (de Boer
2007), but the seagrass colonization in these zones will likely
depend on direct impacts from wave action (Vacchi et al.
2014) and desiccation (Shafer et al. 2007) rather than the
SSL feedback.
Light promotes seagrass growth
The net carbon gain obtained from the balance of carbon
fixed via photosynthesis and carbon lost due to respiration is
the main rate-limiting step for plant growth (Fig. 1, process
(ii)) (Ralph et al. 2007; Poorter et al. 2013). Seagrasses require
photosynthetically active radiation (wavelength 400–
700 nm) to fix inorganic carbon through photosynthesis
(Dennison 1987; Borum et al. 2013). The photosynthesis rate
of seagrass linearly increases with the availability of photo-
synthetically active radiation, until light conditions reach a
“saturation” value at which the seagrass photosynthesis rate
cannot further increase. The net rate of carbon fixation P
(e.g., in units of g C g21 d21) by seagrass is a balance of pho-
tosynthesis and respiration,
P5Pmax tanh
I
Ik
 
2R; (2)
where Pmax is the maximum photosynthesis fixation rate,
which occurs at saturating light conditions, Ik is the irradi-
ance at which onset of saturation occurs, and R is the respi-
ration rate. The hyperbolic tangent function represents the
saturation of the photosynthesis rate at high light levels,
and can be replaced by any other appropriate empirical satu-
ration function (Jassby and Platt 1976). The compensation
irradiance Ic, which is the light value at which photosynthe-
sis exactly balances respiration (P50 in Eq. 2), provides a
coarse indication of the MLR of seagrass. Typically, the com-
pensation irradiance is substantially less than the saturation
irradiance, Ic < Ik (Lee et al. 2007), and thus the light value
Ic which roughly distinguishes between seagrass presence
and absence occurs in the linear part of the photosynthesis-
irradiance curve. Hence, it is the linear region of the
photosynthesis-irradiance curve that is most relevant for
investigating bistability arising from the SSL feedback.
Parameters of Eq. 2 are species-dependent and are commonly
reported in experimental studies (reviewed in Lee et al.
2007).
The rate of photosynthesis also depends on the propor-
tion of exposed leaf area (Hedley and Enrıquez 2010; Hedley
et al. 2014) that varies between species (Lee Long et al. 1993)
and with orientation of the leaves due to local hydrodynam-
ics (McKone 2009). Photosynthesis and respiration rates can
vary substantially within the same species (Olive et al. 2013),
through phenotypic plasticity (Maxwell et al. 2014) such as
photoacclimation (Cayabyab and Enrıquez 2007), epiphyte
presence (Sand-Jensen 1977), and variations in external envi-
ronmental factors such as temperature (Staehr and Borum
2011). Accounting for all drivers of plasticity in seagrass
responses to light is beyond the scope of this review, but
should be noted when discussing uncertainty in the SSL
feedback.
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Although many factors affect seagrass growth, the most
important threshold for seagrass presence and absence is their
MLR, which can be identified from the limits of seagrass depth
range (Dennison et al. 1993). On average, seagrasses extend to
depths receiving 11% surface light (Duarte 1991). However,
light requirements vary between seagrass species (Collier et al.
2012), and globally seagrass MLR have been reported in the
range of 4–36% of surface irradiance (Ralph et al. 2007).
Seagrass modifies the local hydrodynamics
Current-driven flow
Seagrasses reduce water velocities associated with unidirec-
tional current-driven flows (Fig. 1, process (iii)) (Fonseca et al.
1982; Peterson et al. 2004; Fonseca and Koehl 2006). Within the
seagrass canopy, the current velocity profile is modified from
logarithmic to approximately exponential (Abdelrhman 2003;
Nepf and Ghisalberti 2008) (Fig. 3). Complex models have pre-
dicted these flow interactions down to the scale of individual
shoot segments (Abdelrhman 2007; Zeller et al. 2014).
While the presence of seagrass modifies the vertical struc-
ture of the current velocity profile as shown in Fig. 3, the
current velocity inside the seagrass meadow depends on the
horizontal distance from the meadow edge. The near-bed
current velocity ub decreases horizontally within the seagrass
meadow, at approximately an exponential rate from its value
ub;0 at the upstream meadow edge,
u2b5u
2
b;f1 u
2
b;02u
2
b;f
 
e2x=LD ; (3)
where x is the horizontal distance inside the meadow, LD is
the canopy drag length scale, and ub,f is the near-bed current
velocity well within the seagrass meadow (Supporting Infor-
mation Appendix A). The drag length scale is defined by
LD5 CDað Þ21 (4)
where CD is the drag coefficient of the seagrass meadow and
a is the canopy frontal area per unit volume (in units of
m21) (Nepf 2012). For seagrasses, LD is typically Oð0:121 mÞ
Water surface
Horizontal water velocity
inside the meadow
Horizontal water velocity
outside the meadow
Near-bed current velocity ub
Fig. 3. Seagrass presence alters the current velocity profile from a
logarithmic form outside/above the meadow to an exponential form
inside the meadow.
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Fig. 4. Relationship between vortex development and the ratio of
canopy height to drag length scale h/LD. The blue lines show how the
shear layer, which contains the vortices, forms with increasing horizontal
distance into the seagrass meadow. The seagrass canopy is either (a) too
short to produce vortices, (b) of intermediate height and induces a shear
layer which penetrates to the sediment bed, or (c) is sufficiently tall to
induce a shear layer which is localized only to the canopy-water
interface.
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(Luhar et al. 2008). For vertical seagrass blades, the normal-
ized frontal area a is equivalent to the ratio of leaf area index
(LAI) to canopy height h,
a5LAI=h: (5)
LAI is equal to the area of one side of the leaf divided by the
ground area, and is thus an indirect measure of shoot den-
sity and leaf size. Equations 3-5 therefore predict that greater
shoot densities are characterized by smaller drag length
scales and greater reductions in near-bed velocity with dis-
tance into the meadow. This prediction is supported by sev-
eral field studies (e.g., Peterson et al. 2004; Widdows et al.
2008; Wilkie et al. 2012).
The presence of submerged seagrass induces the formation
of a shear layer, characterized by the generation of coherent
vortex structures that cause plant motion known as monami
(Ackerman and Okubo 1993), at the top of the canopy (Fig.
4) (Gambi et al. 1990; Nepf and Vivoni 2000; Ghisalberti
and Nepf 2002). These structures are responsible for the
majority of scalar mixing into and out of the canopy and
substantially elevated turbulent transport compared with the
overlying water column (Luhar et al. 2008). The shear layer
(and thus vortex size) grows with horizontal distance into
the meadow up to a finite thickness (Ghisalberti and Nepf
2009).
Penetration of the shear layer to the bed depends on the
ratio of canopy height h to drag length scale LD (Nepf et al.
2007). Canopy drag is insufficient to form a canopy shear
layer when h/LD0.1 (Fig. 4a), resulting in a flow that resem-
bles a rough-wall boundary layer. When this ratio increases
above 0.1, a shear layer forms and penetrates fully to the
seabed, potentially elevating the bed stress (Fig. 4b). When
this ratio increases further (h/LD0.3), the shear layer does
not penetrate to the seabed, decreasing the bed stress (Fig.
4c). Because the drag length scale LD depends on the leaf
friction and canopy density (Eq. 4), the form of the pro-
duced shear layer (Fig. 4a, b or c) depends on canopy height,
shoot density and physical leaf properties. In other words,
shear layer formation and penetration depends on the spa-
tial and morphological characteristics of the seagrass
meadow. We will see later that the turbulence induced by
this shear layer has the potential to increase the suspended
sediment concentration in the water column.
Wave-driven and combined current-wave flows
Seagrasses can dissipate wave energy through the drag
forces they impart on the water column, which over broad
scales can attenuate wave heights and associated wave-
driven oscillatory flows (Fig. 1, process (iv)) (Fonseca and
Cahalan 1992; Koch et al. 2006). This wave attenuation
increases with plant stiffness and density (Bouma et al.
2005), with distance into the meadow (Bradley and Houser
2009), and with increasing amplitude and period of the
waves (Luhar et al. 2010). On smaller scales, waves directly
drive oscillatory flows within seagrass canopies (Lowe et al.
2005). Waves can also generate coherent vortices at the
canopy-water interface (Fig. 4) (Ghisalberti and Schlossser
2013) and considerably modify the near-bed turbulent flow
structure (Pujol et al. 2013). Laboratory flume studies have
recently investigated combined current-wave flows through
aquatic canopies (Li and Yan 2007; Paul et al. 2012; Hu et al.
2014; Zeller et al. 2015). For simplicity in this article we con-
sider the effects of seagrass presence on flow regimes that are
predominantly either current- or wave-driven, and do not
consider current-wave interactions.
Seagrass modifies sediment exchange at the seabed
Seagrasses are conventionally viewed as regions of
enhanced net sediment deposition compared with surround-
ing areas, due to the drag they exert on the local flow and
the corresponding reduction in bed shear stress (Fig. 1, proc-
esses (v) and (vi)) (Gacia et al. 1999; Gacia and Duarte 2001).
However, in some cases enhancement of turbulence by sea-
grass can increase sediment resuspension (van der Heide
et al. 2010; Lawson et al. 2012; Hansen and Reidenbach
2013).
The balance of deposition and erosion
The hydrodynamic force applied to bed sediments is
quantified by the bed shear stress sb (in units of N m
22). At
low bed shear stress, there is no erosion, and the only sedi-
ment exchange between the water column and the seabed is
due to passive deposition D. Once the bed shear stress sb
exceeds a critical shear stress threshold sc, sediment is eroded
at a rate E (in units of kg m22 s21) so that the net sediment
deposition is D 2 E. Although several formulations exist for
erosion, many studies report a simple linear dependence on
the bed shear stress (Sanford and Halka 1993; Sanford and
Maa 2001),
E5
M
sb
sc
21
 
; sb  sc;
0; sb  sc;
8><
>: (6)
where M is an empirical constant.
Seagrass presence affects the erosion rate E (Koch 1999)
by modification of both the actual shear stress sb (Hansen
and Reidenbach 2012, 2013) and the critical shear stress
threshold sc (Amos et al. 2004). Seagrass presence has been
observed to reduce sb by factors of up to four (Hansen and
Reidenbach 2012), and increase the critical threshold value
sc by two-fold (Amos et al. 2004). While the decrease in sb
within seagrass meadows can be attributed to the attenua-
tion of currents and waves by seagrass leaves, the increase in
sc is caused by the stabilizing effect of seagrass below-ground
biomass (roots and rhizomes) on the bed sediment
(Christianen et al. 2013). Of these two mechanisms, the
most well-studied impact of seagrass on the balance of sedi-
ment deposition and erosion is via canopy reduction of local
Adams et al. The seagrass-sediment-light feedback
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hydrodynamic forces (Le Hir et al. 2007). In the following
subsections, we discuss how the canopy-induced modifica-
tion of the balance of sediment deposition and erosion is
affected by the local meadow structure, sediment size distri-
bution and flow conditions.
Impact of meadow height
The balance between sediment erosion and deposition is
significantly affected by the height h of a seagrass meadow.
If the shear layer that forms at the canopy-water interface
penetrates fully to the seabed, bed shear stress is enhanced.
This occurs when the ratio of meadow height to canopy
drag length scale, h/LD, is between 0.1 and 0.3 (Fig. 4b)
(Nepf et al. 2007). Because the drag length scale LD is inver-
sely related to shoot density (Eqs. 4 and 5), seagrass mead-
ows of low shoot density will increase the thickness of the
shear layer and are more likely to enhance bed shear stress.
Hence, a sufficiently large canopy height and shoot density
(h/LD0.3, Fig. 4c) is required to ensure that the shear layer
does not reach the seabed, as this would increase sb and thus
potentially increase sediment erosion.
Impact of meadow length
There has been some evidence that, below a minimum
meadow size and/or shoot density, seagrass presence enhan-
ces erosion, thereby switching the SSL feedback from a stabi-
lizing behavior (the modification of environmental
conditions by seagrass presence that supports its growth) to
a destabilizing behavior (the modification of environmental
conditions by seagrass presence that hinders its growth)
(Hansen and Reidenbach 2012; Lawson et al. 2012). The
potential for destabilizing behavior to arise from the SSL
feedback can be attributed to a difference in the horizontal
length scales over which turbulence addition and the reduc-
tion in near-bed current velocities occur. At the edge of the
meadow, turbulence is introduced almost immediately, at a
length scale of the order of the spacing between seagrass
shoots (Nepf 2012). This is a much smaller length scale than
the canopy drag length scale LD over which the near-bed
current velocity is reduced (Eq. 3). Many seagrass meadows
can therefore be separated into two zones, based on the dis-
tance x from the front of the meadow (Fig. 5): an erosive
zone where the shoot-scale turbulence promotes erosion
(xLD), and a depositional zone where the reduction in cur-
rent velocities overcomes the shoot-scale turbulence to pro-
mote deposition (x  LD) (consistent with the observations
of Bouma et al. 2007; Chen et al. 2012).
The distance from the front of the seagrass meadow to
the zone where deposition is favored (LD) will decrease
with increasing shoot density (see Eqs. 4 and 5). Hence, sea-
grass meadows of reduced length L and lower shoot density
(L/LD  Oð1Þ) are more likely to enhance erosion, while lon-
ger meadows with higher shoot density (L/LD >> Oð1Þ) are
more likely to be net depositional. This conceptual model is
supported by laboratory studies that reported an increase in
erosion associated with the presence of seagrass (Chen et al.
2012; Follett and Nepf 2012; Ortiz et al. 2013); in all of these
studies, L/LD was Oð1Þ. In the erosive zone, the volume of
sediment eroded increases with flow velocity, plant size
(Bouma et al. 2009) and shoot density (Lawson et al. 2012),
all of which serve to increase the intensity of near-bed
turbulence.
Impact of sediment size distribution
Seagrasses are traditionally viewed as environments where
fine, poorly sorted, sediments are deposited, compared with
adjacent unvegetated areas (Ward et al. 1984 and references
within). As described above, this may only be true for sea-
grass meadows that have appropriate length, height and
density to be net depositional. Recent evidence supports the
more complex view that (1) seagrasses increase the relative
bed concentration of fine sediments when they are net depo-
sitional environments (De Falco et al. 2000; Moore 2004; Bos
et al. 2007), (2) seagrasses increase the relative bed
Near-bed
current
velocity,
ub (m/s)
Distance from the front of 
the seagrass meadow, x (m)
A
~ LD
EROSIVE ZONE DEPOSITIONAL ZONE
Fig. 5. (a) Reduction in near-bed velocity occurs over the drag
length scale LD, which defines the transition of the meadow from a
net erosive zone to a net depositional zone. (b) A laboratory canopy
showing the net erosive and depositional zones (modified from Chen
et al. 2012); the orange arrow represents the initial sediment bed
height.
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concentration of coarse sediments when they are net erosive
environments (Fonseca and Koehl 2006), and (3) the change
in sediment size distribution induced by seagrass presence
also depends on whether the local sediments are predomi-
nantly sand (particle diameter>62.5 lm) or mud (particle
diameter <62.5 lm) (van Katwijk et al. 2010).
As a first approximation, the dependence of critical shear
stress sc on sediment size distribution can be inferred from
Hjulstr€om and Postma diagrams (Dade et al. 1992). These
diagrams indicate that the erosion threshold is positively
correlated with particle size for sandy sediments (>62.5 lm),
but may become negatively correlated with particle size for
clay (<2 lm) or muddy sediments (<62.5 lm) due to sedi-
ment cohesion (Roberts et al. 1998). The erodability of sedi-
ment may also depend on several other physical,
geochemical and biological properties (Grabowski et al.
2011). We will later show, using a case study, that the light
attenuation properties of the suspended sediment, which are
size-dependent (Baker and Lavelle 1984), also play a critical
role in determining whether the SSL feedback is important
in a given ecosystem or not.
Impact of wave-driven flow
The mechanisms by which seagrass modifies net sediment
deposition differ between current-driven and wave-driven
flows (Koch and Gust 1999). Although wave-driven flows are
reduced within seagrass canopies (Fonseca and Cahalan
1992; Manca et al. 2012), they may also induce a mean flow
in the direction of wave propagation inside the meadow
(Luhar et al. 2010). Despite the presence of these competing
mechanisms, observations suggest that seagrasses overall
reduce sediment resuspension in wave-driven flows, espe-
cially at higher shoot densities (Ros et al. 2014). While
attenuation of both currents and waves by the presence of
seagrass typically increases the net sediment deposition, this
deposition is likely to be reduced in wave-driven flows com-
pared with current-driven flows because mean currents are
attenuated by seagrass canopies much more than oscillatory
flows (Lowe et al. 2005), and the wave-driven movement of
seagrass blades back and forth increases sediment movement
between the seagrass canopy and the overlying water col-
umn (Koch and Gust 1999; Madsen et al. 2001).
Seagrass modifies the suspended sediment distribution
The vertical distribution of suspended sediment in the
water column is modified by seagrass via (1) change in the
balance of sediment deposition and erosion at the seabed
(described above), (2) change in the flow structure which
depends on the ratio of meadow height to drag length scale,
h/LD (Fig. 4), and (3) direct collision and deposition of sedi-
ment particles on seagrass leaves (Ackerman 2002; Agawin
and Duarte 2002; Hendriks et al. 2008), although these leaf-
deposited particles may be subsequently easily resuspended
(Ganthy et al. 2015). Modification of flow structure induced
by “tall” seagrass canopies (h/LD  0.3, Fig. 4c) produces
three different layers of sediment transport (Carr et al. 2010):
a layer near the seabed where sediment motion is reduced
and deposition favored (relative to the overlying water col-
umn), a shear layer encompassing the canopy-water inter-
face that rapidly exchanges sediment between the seagrass
canopy and the overlying water column with a peak in
sediment diffusivity at the canopy height h (Ghisalberti
and Nepf 2005), and the overlying water column where the
flow may be modified slightly by the seagrass present below
(Fig. 3).
Overall, these changes in the suspended sediment distri-
bution induced by the presence of seagrass modify the con-
centration of TSS above the seagrass canopy, thus
completing the SSL feedback loop (Fig. 1, process (vii)).
Reductions in TSS have been observed inside seagrass cano-
pies compared with meadow edges and adjacent bare sedi-
ment (Ward et al. 1984; Granata et al. 2001; Gruber and
Kemp 2010), with greater TSS reductions at higher seagrass
biomass (Moore 2004). However, this relationship changes
to result in increased TSS when the canopy frontal area of
seagrass is sufficiently reduced (Hansen and Reidenbach
2013). Reduced turbidity with wide, dense and tall canopies,
and elevated turbidity in smaller sparser meadows, has also
been observed in other submerged aquatic plants (Gruber
et al. 2011). These field results demonstrate the depositional
and erosive zone concepts shown in Fig. 4, as the corre-
sponding changes in frontal area alter the relative size of
depositional and erosive zones LD (see Eq. 4).
Case study: quantitative evidence that the SSL
feedback has the potential to induce bistability
Here, we demonstrate quantitatively that differences in
bed shear stress and therefore sediment resuspension
between bare sediment and seagrass habitat can be suffi-
ciently large to induce substantial differences in benthic
light availability between areas where seagrass is present and
absent. These calculations support the hypothesis that the
SSL feedback loop has the potential to cause bistability in
seagrass ecosystems.
To achieve this, we use the field experiment of Hansen
and Reidenbach (2012) as a case study. A seagrass meadow
(Zostera marina) present in a coastal bay of 1–2 m depth
(South Bay, Virginia Coastal Reserve) was shown to attenuate
near-bottom current velocities by 70–90% and high-
frequency orbital velocities by 20%. This result agrees rea-
sonably with model predictions of current attenuation and
high-frequency wave attenuation by Zostera marina of
88–95% and 7–18%, respectively (Luhar et al. 2010). In the
case study, the bed shear stress sb inside the seagrass
meadow (0.0360.02 N m22) was substantially lower than in
a nearby bare area (0.1760.08 N m22); this difference was
attributed to the influence of seagrass presence on sediment
stabilization (Hansen and Reidenbach 2012). For the majority of
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the time of the field study (80% of 72 h), the reduced bed shear
stress within the seagrass meadow fell below a conservative esti-
mate of the critical shear stress necessary for sediment ero-
sion, sc50.04 N m
22 (Lawson et al. 2007).
Inside the seagrass meadow, the mean suspended sedi-
ment concentration (across three sites) was 31 mg L21, com-
pared with 56 mg L21 in the adjacent bare area. This
difference can be attributed to the reduction in bed shear
stress by seagrass presence, as follows. As a rough approxima-
tion, the depth-averaged suspended sediment concentration
[TSS] (mg L21) may be related to bed shear stress via
½TSS  M
ws
max
sb
sc
21;0
 
; (7)
where M (g m22 s21) is an empirical constant that represents
the proportionality between the erosion rate and the exceed-
ance of the bed shear stress sb (N m
22) above the critical
threshold for erosion sc (N m
22), and ws (m s
21) is the sedi-
ment settling velocity. Equation 7 is derived by assuming
that the local depth-averaged sediment concentration has
reached a steady state and is approximately horizontally
homogeneous, such that the local erosion E and deposition
rates D are equal. The erosion rate E is assumed to follow Eq.
6, and the deposition rate is assumed to follow D5ws [TSS]
(Chen et al. 2007). Subsequent rearrangement of the equa-
tion E5D for [TSS] yields Eq. 7.
Note that Eq. 7 considers only suspended sediment that
can be readily exchanged between the seabed and the water
column. For example, this equation excludes background
suspended sediment that settles too slowly to fall out of sus-
pension during slack water (Sanford and Halka 1993). Here
we will use Eq. 7 only to estimate the difference in [TSS]
between the seagrass meadow area and the adjacent bare
area, so the presence of background suspended sediment
common to both areas is mathematically eliminated and
does not affect our calculations that involve Eq. 7.
We assume that sc50:04 N m
22 (Lawson et al. 2007),M  O
102321022
 	
g m22 s21, and ws  Oð1023Þ m s21; both of the
latter terms are calculated from Table 2 of Sanford and Halka
(1993). As a caveat, we point out that quantities sc, M, and ws
may all vary from the above values by over an order of magni-
tude, depending on the sediment properties, and this will sub-
stantially affect the calculation of [TSS] and light levels (Odd
1988; Houwing 1999). Using these parameter values, Eq. 7 pre-
dicts that the [TSS] in the seagrass meadow (sb  0.03 N m22) is
O 3230ð Þ mg L21 less than in the adjacent bare area (sb  0.17
N m22). This is consistent with the finding of Hansen and Rei-
denbach (2012) that the mean [TSS] within the seagrass
meadow is 25 mg L21 less than in the bare area.
At first order, the light attenuation coefficient Kd (m
21)
increases linearly with [TSS] concentration. Here, [TSS] was esti-
mated following the formula of Gallegos and Moore (2000),
approximated for an aquatic ecosystem in which the Chl a con-
centration is relatively low, 2mgm23 (Carr et al. 2010),
Kd  aTSS ½TSS10:352; (8)
where aTSS, the specific light attenuation coefficient for sus-
pended solids, was estimated as 0.094 m21/(mg L21). How-
ever, in that study, the value of aTSS varied between sites by
nearly an order of magnitude (0.013–0.101 m21/(mg L21))
(Gallegos and Moore 2000); this variation can be attributed
to differences in sediment properties, including particle size
(Baker and Lavelle 1984). We next show that, based on the
value of aTSS, for the seagrass meadow studied in Hansen
and Reidenbach (2012), either (1) seagrass absence is pre-
dicted regardless of the feedback, (2) seagrass presence is pre-
dicted regardless of the feedback, or (3) bistability between
seagrass presence and absence, induced by the SSL feedback,
is predicted.
The fraction of surface light I/I0 reaching the seabed can be
calculated using Beer’s law (Eq. 1). The seagrass meadow stud-
ied in Hansen and Reidenbach (2012) is located within a shal-
low coastal bay of 1–2 m depth, but the seagrass sites measured
had mean depth ranging from 1.4 m to 1.8 m. To ensure our
calculations represent the light conditions experienced by the
majority of the seagrass meadow, we set H51.4 m and
H51.8 m in Eq. 1 to obtain a range of mean benthic light con-
ditions for the meadow. We also trial three different values of
aTSS: a lower value of 0.013 m
21/(mg L21) [lowest value of aTSS
measured in Gallegos and Moore (2000)], an intermediate
value of 0.026 m21/(mg L21) (e.g., Armengol et al. 2003), and
an upper value of 0.094 m21/(mg L21) [final value of aTSS
reported in Gallegos and Moore (2000)]. The results of our cal-
culations, obtained from Eqs. 1 and 8, are shown in Table 1.
Table 1. Predictions of benthic light availability at the seabed with or without seagrass presence, for suspended sediments
possessing different light attenuation properties. Benthic light availability I/I0 is calculated as a percentage of surface irradiance (% SI).
aTSS Benthic light availability at 1.4–1.8 m depth
Properties of
suspended sediment (m21/(mg L21))
Seagrass is present
([TSS]531 mg L21)
Seagrass is absent
([TSS]556 mg L21)
Low light attenuation 0.013 26–35% 14–22%
Intermediate light attenuation 0.026 12–20% 4–8%
Greater light attenuation 0.094 0–1% 0%
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As discussed earlier, MLR for seagrass are on average 11%
of the surface irradiance (Duarte 1991). From Table 1, if
aTSS50.013 m
21/(mg L21) (low light attenuation by sus-
pended sediment), there is sufficient light available for sea-
grass survival regardless of the SSL feedback. On the other
hand, if aTSS50.094 m
21/(mg L21) (greater light attenuation
by suspended sediment), seagrass cannot grow because there
is insufficient light at the seabed. Finally, for an intermediate
value of aTSS50.026 m
21/(mg L21), seagrass can sufficiently
improve water clarity to exceed its MLR for survival, whereas
seagrass absence may lead to a turbid environment in which
the light levels at the seabed are too low to support seagrass
growth. This latter result indicates the possibility of bistabil-
ity between seagrass presence and absence states at depths of
1.4–1.8 m (Table 1), which is consistent with the depth
range for bistability of 1.6–1.8 m predicted by a more
detailed seagrass growth model parameterized for the same
seagrass species and coastal system (Zostera marina growing
in the Virginia Coastal Reserve) (Carr et al. 2012a).
Since there is a persistent seagrass meadow in the coastal
bay examined by Hansen and Reidenbach (2012), of the
three possibilities explored above, it is likely that aTSS is
sufficiently low so that either (1) seagrass presence occurs
without bistability, or (2) this system expresses bistability
between seagrass presence and absence states. Our calcula-
tions show that bistability between seagrass presence and
absence states, induced by the SSL feedback, is possible, but
is highly dependent on the light attenuation properties of
the sediment.
Synthesis
From the laboratory experiments and field observations
outlined in the previous sections, we have summarized the
impact of local environmental and seagrass meadow charac-
teristics on the ability of the SSL feedback to modify sus-
pended sediment concentration. The magnitude and
direction of this feedback can be defined by the difference in
suspended sediment concentration between seagrass pres-
ence and absence states, which we write as DSS. When DSS is
large and positive, seagrass presence substantially reduces
the TSS concentration that further promotes seagrass growth
(stabilizing feedback). When DSS is negative, seagrass pres-
ence increases the TSS concentration that potentially reduces
seagrass growth (destabilizing feedback).
The impacts of local environmental and seagrass meadow
characteristics on the ability of the SSL feedback to induce
bistability (i.e., act as a stabilizing feedback) are summarized
in Table 2. This table can be used as an initial checklist to
identify the ecosystems where the SSL feedback may need to
be considered in environmental management. For the envi-
ronmental and meadow characteristics where further infor-
mation is available, their impact on DSS is shown in Fig. 6.
A synthesis of the relationships proposed in Table 2 and
Fig. 6 is as follows:
i. Meadow depth: The SSL feedback will be most important
in shallow subtidal areas. Intertidal seagrasses at low tides
are exposed to air, during which time the processes
shown in Fig. 1 do not occur. For deep subtidal sea-
grasses, the influence of seagrass on the vertical distribu-
tion of suspended sediment will be reduced. This effect
was observed by Ward et al. (1984), who found that sub-
tidal seagrass was less effective at reducing the local TSS
levels compared with the surrounding unvegetated area
during a wind-induced resuspension event at high tide
(H 2 h>60 cm) than during a similar event at low tide
(H  h). The SSL feedback may or may not induce bist-
ability in shallow subtidal areas, as several other factors
need to be present as well (see (ii) to (v) below). For
example, if sediment is not easily resuspended or has low
light attenuation characteristics (iv), the reduction in
light by seagrass presence will be small and hence may
not be sufficient to induce bistability. However, shallow
subtidal areas provide the best conditions for seagrass to
reduce the vertical distribution of suspended sediment,
and this conclusion is also supported by modelling efforts
ΔSS
sediment grain size (μm)
ΔSS
meadow height (m)
meadow width (m)
frontal area per volume (m-1)
shoot density (shoots/m²)
leaf area index (m²/m²)
a)
c)
ΔSS
water velocity (m/s)
ΔSS
below-ground biomass (g/m²)
b)
d)
waves
currents
Fig. 6. Impact of environmental and seagrass meadow characteristics
on the magnitude and direction of the SSL feedback, expressed as the
difference between suspended sediment concentration between seagrass
presence and absence states, DSS. Positive DSS represents decreased sus-
pended sediment concentration due to seagrass presence, and negative
DSS represents increased suspended sediment concentration due to sea-
grass presence.
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which predict that the range of wave velocities, over
which the SSL feedback induces bistability, is largest in
shallow areas and decreases with increasing depth [Fig. 5c
of van der Heide et al. (2007)].
ii. Eutrophication: The SSL feedback will have greater influence
on seagrass presence/absence in non-eutrophic systems,
because the modification of light availability at the sea-
grass canopy due to changes in suspended sediment con-
centration will only be substantial if TSS is the dominant
contributor to light attenuation through the water column
(Fig. 2a). While the presence of substances other than sus-
pended sediment in the water column, such as CDOM and
Chl a, may reduce the light reaching the seagrass to a criti-
cal regime close to their MLR, the presence of these sub-
stances also dampens the improvement in water clarity
that seagrass presence provides over bare areas.
iii. Meadow size/density: Meadows of greater size (height and
length) and density have the potential to more signifi-
cantly reduce turbidity and hence increase the light avail-
able to seagrass, due to their greater impact on the local
hydrodynamics. However, seagrass meadows of low
height, low length, and/or low frontal area per unit vol-
ume may actually enhance turbidity due to the penetra-
tion of the shear layer to the seabed (Fig. 4b), larger areal
fraction of the meadow occupied by the erosive zone
(Fig. 5), and larger absolute size of the erosive zone (indi-
cated by LD in Eqs. 3 and 4), respectively. This transition
between enhancement of turbidity at low meadow size/
density, and reduction of turbidity at high meadow size/
density, is illustrated in Fig. 6a. The impact of meadow
size/density on light availability is also partially attrib-
uted to the stabilization of bed sediments by below-
ground biomass (Fig. 6b), although the importance of
this mechanism has been somewhat overlooked in the
literature (Christianen et al. 2013).
iv. Sediment size: Seagrass presence will only influence the
resuspension of particles within a particular size range
(Fig. 6c). Sediment particles that are outside this size
range will either be resuspended or remain in the seabed
regardless of whether seagrass is present or absent,
because seagrass presence does not alter sb and/or sc suffi-
ciently to alter these particles’ erodability. Additionally,
as seen in the case study, the specific light attenuation
coefficient of suspended sediment will also determine
whether the SSL feedback is substantial.
v. Water velocity: The near-bed current velocity ub within
the seagrass meadow is reduced from its value upstream
of the meadow ub;0. Absolute attenuation ub;02ub of the
current velocity, due to seagrass presence, increases with
the magnitude of the upstream current ub;0 (Eq. 3); this
indicates that seagrass has a greater impact on local
hydrodynamics (and hence suspended sediment concen-
trations) under high flow conditions. However, an effect
not shown in Eq. 3 is that the relative attenuation ðub;02
ubÞ=ub;0 of the current velocity due to seagrass presence,
decreases with increasing velocity (Fig. 6d) because the
bending angle of seagrass blades (relative to the horizon-
tal) decreases with increasing current velocity (Fonseca
et al. 1982; Abdelrhman 2007). The bending of seagrass
leaves then decreases the frontal area so that the canopy
is less effective at flow attenuation (Eqs. 3–5). This reduc-
tion in relative attenuation with increasing velocity is
expected to occur in both current- (Gambi et al. 1990;
Lacy and Wyllie-Echeverria 2011) and wave-dominated
flows (Bradley and Houser 2009). Most of the field studies
that directly show the impact of seagrass presence on TSS
concentrations are in wave-dominated systems (Ward
et al. 1984; Moore 2004; Hansen and Reidenbach 2013).
Although sediment resuspension may be more greatly
reduced in current-dominated environments than in
Table 2. Impact of environmental and seagrass meadow characteristics on the ability of the SSL feedback to induce bistability
between seagrass presence and absence states (i.e., act as a stabilizing feedback), and the implications for seagrass conservation and
restoration.
Potential for seagrass-sediment-light (SSL) feedback to induce bistability
Lower potential Higher potential
Environmental and seagrass meadow characteristics:
(i) Meadow depth Intertidal or deep subtidal Shallow subtidal
(ii) Eutrophication High Low
(iii) Meadow size/density Sparse/small Dense/large
(iv) Sediment size Narrow range of sizes Broad range of sizes
(v) Water velocity Low High
Impact on environmental management:
Seagrass conservation SSL feedback unlikely to make seagrass decline
difficult to reverse
Seagrass decline may be difficult to reverse
Seagrass recolonization or restoration May occur naturally Difficult once seagrass is lost
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wave-dominated environments (Fig. 6d) (Koch and Gust
1999; Madsen et al. 2001), this difference is difficult to
quantify and hence we do not distinguish between wave-
and current-dominated regimes in Table 2.
Modelling the seagrass-sediment-light feedback
Mathematical models are an important tool to support
environmental decision-making, especially in ecosystems
whose degradation and recovery trajectories may diverge due
to the presence of feedback processes (Suding et al. 2004).
Here, we review the significant progress in modelling of the
SSL feedback that has occurred mostly over the past decade
(de Boer 2007).
Statistical models
Feedbacks in seagrass ecosystems have been investigated
statistically using Bayesian networks and structural equation
models. A Bayesian network was used to identify the regions
in Moreton Bay, Australia that potentially express bistability
in seagrass presence/absence due to environmental feedbacks
(Maxwell et al. 2015). The results of this model found that
sediment resuspension increased with water movement, and
reduced with increasing seagrass biomass. A structural equa-
tion model was applied to 83 sites across Western Europe,
and its results supported the presence of a stabilizing feed-
back between high light availability and high seagrass den-
sity (van der Heide et al. 2011).
Deterministic models
When the mechanistic relationships between important
environmental variables are sufficiently well known, these
relationships can be combined into a deterministic model
that predicts the steady state or temporal changes in the
state of an ecosystem (Scheffer 2009). Even if these deter-
ministic models do not explicitly include horizontal land-
scape variation, they can still provide crucial insights into
ecosystem dynamics (Scheffer et al. 2001; Mumby et al.
2007). For example, the first non-spatial deterministic model
of the SSL feedback demonstrated that bistability arising
from this feedback is possible for a wide range of environ-
mental conditions (van der Heide et al. 2007). A more com-
prehensive deterministic model (Carr et al. 2010) has since
been used to predict the depths at which the SSL feedback
induces bistability (Carr et al. 2012a) and the response of
seagrass at these depths to temperature disturbance events
associated with climate change (Carr et al. 2012b). Most
recently, a deterministic model that includes spatial varia-
tion in seagrass meadow structure (and is not location-
specific) has shown how seagrass patches may influence the
suspended sediment and light conditions in the larger land-
scape (Carr et al. 2015).
Two- and three-dimensional ecosystem-scale models
Two- and three-dimensional ecosystem model suites have
included mechanisms for the impact of suspended sediment
on seagrass presence, the impact of seagrass presence on sus-
pended sediment, and both (Table 3). Ecosystem models
require formulations for both of these mechanisms to com-
plete the SSL feedback loop and assess the spatially explicit
impact of this feedback on the wider aquatic ecosystem
dynamics.
The SSL feedback has been parameterized in the Chesa-
peake Bay Environmental Modelling Package (CBEMP)
(Cerco and Cole 1993) in two ways. First, seagrass presence
induces a reduction in fixed solids concentration via settling
at a rate proportional to seagrass biomass, and this increases
the light available at the canopy because light attenuation
depends on the fixed solids concentration according to
Beer’s law (Eq. 1) (Cerco and Moore 2001). Second, bed shear
stress declines exponentially with seagrass biomass, which in
turn affects the erosion rate via the standard linear formula-
tion (Eq. 6) (Cerco et al. 2013).
The SSL feedback has been considered more comprehen-
sively in a modification (Kombiadou et al. 2014) of the
Model for Applications at Regional Scale (MARS) (Lazure and
Table 3. Two- and three-dimensional ecosystem model suites that have included mechanisms for the impact of suspended
sediment on seagrass presence, the impact of seagrass presence on sediment dynamics, or both.
Is the SSL feedback included in the model?
Ecosystem model suite
Suspended sediment
affects seagrass
Seagrass affects
suspended sediment
Chesapeake Bay Environmental Modelling Package (Cerco and Moore 2001;
Cerco et al. 2013)
 
Model for Applications at Regional Scale (Kombiadou et al. 2014)  
Coupled finite element and fuzzy rule-based model (Milbradt and Schonert 2008)  
CSIRO Environmental Modelling Suite (Baird et al. 2014, 2016) 
Environmental Fluid Dynamics Code (Estes et al. 2015) 
Regional Ocean Modeling System (del Barrio et al. 2014) 
Delft3D (Dijkstra 2012) 
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Dumas 2008). In the model of Kombiadou et al. (2014), sea-
grass presence directly modifies water momentum, turbulent
kinetic energy production and dissipation, vertical water
velocity profile, sediment settling rate and sediment erosion
rate; and light availability at the seagrass canopy is modified
by the suspended sediment concentration due to Beer’s law.
One novel approach that has been used to consider the
SSL feedback is the coupling of a partial differential equation
model for the hydrodynamics and morphodynamics to a
fuzzy logic model for the ecological processes (Milbradt and
Schonert 2008). The model includes a negative, fuzzy, effect
of turbidity on seagrass density, and conversely a determinis-
tic friction force acting on water movement that depends on
seagrass density and blade bending angle. This coupling of
different modelling techniques reflects the greater uncer-
tainty that is present in ecological processes compared with
physical processes (Evans et al. 2013).
Grid sizes of ecosystem model suites are typically much
larger than the length scale over which erosive zones form
due to seagrass presence (Oð0:121 mÞ, Luhar et al. 2008).
For example, the grid sizes of the models described above
that include the SSL feedback were: variable and equal to the
horizontal distance between the shore and 2 m water depth
(Cerco and Moore 2001), not reported (Milbradt and Scho-
nert 2008), or constant, Oð10021000 mÞ (Cerco et al. 2013;
Kombiadou et al. 2014). Therefore within each grid cell, the
bathymetry can vary significantly from shallow intertidal or
subtidal zones to deeper waters where either the SSL feed-
back is no longer relevant or seagrass colonization is not pos-
sible due to low light availability (Duarte 1991).
Ecosystem models that incorporate the SSL feedback can be
used to identify if this feedback has the capacity to generate
alternative states in a given location, which is potentially valu-
able information for environmental managers (Thrush et al.
2009). Currently, these ecosystem models can approximate
the stabilizing effect of a large seagrass meadow on local sedi-
ments, but are unable to predict the formation of erosive
zones. Predictions of localized seagrass biomass and sediment
dynamics at length scales of Oð 100 mÞ using these model
suites would require specification of sub-grid scale models of
seagrass-sediment interactions (Cerco and Moore 2001). These
smaller length scales must be considered if accurate predic-
tions of the spatial patterning of seagrass distributions are
sought (Kendrick et al. 2008). However, parameterization of
the SSL feedback at these smaller scales requires a greater fun-
damental understanding of the relevant processes (Cerco et al.
2013) matched with fine-scale data that captures the local het-
erogeneity and dynamic conditions of seagrass-sediment inter-
actions; this data is unlikely to be available.
Conclusions
For environmental management, an initial evaluation of
the importance of the seagrass-sediment-light (SSL) feedback
can be made by comparing the characteristics of the ecosys-
tem being studied to Table 2. This table can help managers
to identify (1) healthy seagrass ecosystems which seem to be
resistant to environmental stressors but may also be difficult
to recover when lost, and (2) whether the recovery of
degraded seagrass ecosystems may be impeded by the SSL
feedback. Mathematical models provide powerful tools that
can investigate the strength of feedbacks in seagrass ecosys-
tems, but the implementation of the SSL feedback in ecosys-
tem model suites is not yet widespread. Future research
focused on identification of the quantitative relationships
that control the SSL feedback will improve both our under-
standing of this coupled physical-ecological process, and the
predictive power of mathematical models used to support
decision-making for seagrass ecosystems.
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